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is improving its technological competi-
tiveness with organic light-emitting diode 
(OLED) in almost every aspect of display 
technological issues such as visibility, 
resolution, panel power consumption, 
and color gamut,[1–5] the development of 
an innovative liquid crystal (LC) mode is 
still essentially required to enter novel dis-
play application fields such as curved, rol-
lable, and flexible displays to compete with 
OLED’s superior mechanical flexibility.[6] 
In contrast to OLED that is composed of 
thin organic solid layers, LCDs consist of 
fluidic LC molecules for transmittance 
level control by utilizing field-switchable 
birefringent effects. Thus, their electro-
optical (EO) properties, such as trans-
mittance in bright state, light leakage in 
dark state, contrast ratio (CR) levels, and 
LC texture uniformity, highly depend on 
the cell gap uniformity of LCDs, initial 
LC alignments, and LC geometries of the 
field-induced molecular reorientations. 
These LCD properties are highly sensi-

tive to external stress conditions, such as local pressure and 
substrate bending because the LC orientations are distorted 
and the LCD cell gap is positionally varied under the externally 
deformed conditions.

As an LC mode that is more suitable for flexible displays, the 
polymer-dispersed liquid crystal (PDLC) has been widely studied 
in LCDs.[7–11] The PDLC structure is a valuable approach in 
achieving flexible display applications due to its various advan-
tages, including simple fabrication without requiring alignment 
layers, high mechanical stability by the polymer matrix, wide 
and symmetric viewing angle properties, and large-scale appli-
cability.[10,11] Contrary to conventional LCDs, the LC molecules 
in the PDLC structure are formed within randomly dispersed 
LC droplets encapsulated within the polymer matrix, which also 
have random distributions in their effective optic axis. Accord-
ingly, several types of the phase separation process have been 
proposed to obtain this PDLC structure. These include polym-
erization-induced phase separation (PIPS), thermally induced 
phase separation, and solvent-induced phase separation.[8,9] 
Among these, PIPS is one of the most widely used methods for 
fabricating the PDLC structure because the PDLC morpholo-
gies, such as the LC droplet size and density, can be controlled 
by varying the phase separation conditions, such as the relative 
molecular mixing ratio between the LCs and the prepolymers, 

In this study, a printing-based scalable method is proposed for the higher 
density of a liquid crystal (LC) nanodroplet structure suitable for the optically 
isotropic LC mode where the LC nanodomains are accurately templated by a 
nanoporous breath figure (BF) membrane. The highly porous BF polymeric 
template structure is reliably obtained by utilizing self-structured packing 
effects of the silica nanospheres achieved by doctor blade coating. A nano-
composite film with densely packed silica nanospheres encapsulated by 
the UV-crosslinked polymer matrix is made by controlling the blade coating 
velocity and blade gap conditions. This provides a higher LC fill-factor condi-
tion of the optically isotropic nanodroplet LC (OI-NDLC) mode with filling the 
LCs into the nanopores obtained after selective silica etching. The OI-NDLC 
structure templated by the nanoporous BF membrane made with the silica 
nanospheres of 300 nm can effectively resolve the scattering-induced optical 
loss and depolarization issues observable in the OI-NDLC mode prepared by 
conventional phase separation approaches due to the sufficiently reduced LC 
droplet size. The structure exhibits a much-improved light leakage level in 
the field-off optically isotropic state, a higher transmittance level as the field-
induced Kerr operation, and resultant improved contrast ratio properties.
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1. Introduction

Display form factors that can be technologically implemented 
recently became an increasingly important issue in mobile and 
automotive displays. Although the liquid crystal display (LCD) 
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and the UV reaction rate by UV intensity control.[9] However, to 
be applied to high-visibility display applications with a higher CR 
property, conventional PDLCs composed of microsized LC drop-
lets, face difficulties in realizing an ideal black state under the 
electric field off condition and in achieving a higher light effi-
ciency under the electric field on condition due to the depolariza-
tion effects of light scattering in both operation mode conditions.

These depolarization effects by the randomly distributed LC 
droplets can be effectively suppressed by reducing the LC droplet 
sizes to be smaller than visible wavelengths.[12–15] In the case of 
the nanodroplet LC (NDLC) structures, the optically isotropic 
(OI) LC mode can be obtained under the electric field off condi-
tion. This unusual OI phase of the NDLCs not only originates 
from the smaller droplets, but also from the random distribution 
of the birefringent axis at which the incident beam encounters 
a homogenous medium without scattering and simply passes 
through without depolarization effects and polarization changes. 
An OI-NDLC mode has many advantages for flexible LCD appli-
cations, such as high CR and excellent wide viewing properties, 
because this mode can present the completely black state even 
under the structure deformation without additional off-axis 
optical anisotropy. In particular, due to the efficient black state 
of the OI-NDLC, which is critical for improving the display vis-
ibility, the OI phase induced by the NDLC has several advantages 
over other OI LC modes such as relatively structurally unstable 
polymer-stabilized blue phase LC (BPLC) modes.[16–19] However, 
the volume fill-factor of LC nanodroplets, achievable with con-
ventional PIPS approaches, is still too low, which is remains as 
a critical issue to be elucidated to avail all the unique properties 
of OI-NDLC mode.[13,20] The low LC fill-factor results in a lower 
Kerr constant and a higher operation voltage, which must be 
solved to realize practical applications. Several approaches for 
improving the EO properties with a higher LC fill factor, have 
been proposed, including higher LC concentrations, improve-
ment of the mixing ratios of the LC and polymers, and accelera-
tion of the PIPS dynamics.[8] However, previous studies focused 
only on manipulating material concentrations and the degree of 
phase separation by improving steps in PIPS. These improve-
ment effects in the LC fill factor are still highly limited.

In this study, we present a more viable approach for pre-
paring the OI-NDLC layer with a higher LC fill factor, where 
the OI-NDLC phase is reliably achievable by utilizing the nano-
porous breath figure (BF) membrane templated by highly self-
packed nanosilica spheres. The application engineering of the 
topologically nanoporous BF membrane structure and novel 
preparation methods have recently been intensively studied in 
bioapplications,[21–24] batteries,[25] or fuel cell[26] applications, and 
chemical or gas sensor[27] applications. In our research, to pre-
pare the densely packed nanosilica sphere layer, the doctor blade 
coating (DBC) method, which is more suitable for scaling up 
the colloidal assembly layer than the spin-coating approach, is 
employed.[28,29] To obtain the nanoporous polymeric membrane 
as the topologically inverse structure from the highly packed 
nanosilica layer, a mixture solution of the nanosilica spheres 
and the UV-crosslinkable monomer is coated through the DBC 
method. Then, the nanosilica spheres are selectively etched out. 
For the prepared mixture, the DBC processing parameters such 
as gap between the substrate and the blade and coating velocity 
are controlled to obtain a uniform nanoporous membrane 

template layer with a sufficient thickness for the field-induced 
Kerr cell condition of the half retarder of the OI-NDLC layer. 
Two different BF membranes with nanopore sizes of 300 and 
500 nm are prepared by adjusting the diameter of the colloidal 
silica nanospheres. With these nanoporous BF membranes, the 
OI-NDLC structure can be precisely architectured by infiltrating 
the LC into the densely packed ordered nanoporous structures. 
This results in the LC molecules occupying the majority of the 
volume with a higher fill factor within the sample. Their EO 
properties and the light scattering and depolarization effects 
are investigated in detail herein. The Kerr constants for both 
sample conditions can be much improved compared with those 
prepared by the PIPS method due to the high fill factor of the 
NDLCs. Notably, in the case of the 300  nm LC droplet size, 
an excellent dark state is achievable due to the effectively sup-
pressed depolarization effects of the OI-NDLC phase templated 
by the nanoporous BF membrane, which is quantitatively ana-
lyzed through the imaging polarimetry method.[30–32] Further-
more, the sufficiently suppressed depolarization and scattering 
loss effects in the presented OI-NDLC condition much improved 
the light transmittance level together with the resulting CR 
properties. The presented fabrication method of the OI-NDLC 
structure templated by the nanoporous BF membrane has the 
potential for application in flexible LCD modes.

2. Experimental Section

2.1. Preparation of the Mixture of the Colloidal Silica 
Nanosphere and the Photocrosslinkable Monomer

In the approach, the highly packed nanosphere structure 
obtained through the DBC method was employed to prepare 
the nanoporous BF membrane after the selective etching out of 
the nanospheres. The densely packed nanosphere structure will 
be inversely templated by the photocrosslinked polymer mem-
brane to obtain the OI-NDLC phase by LC filling into the nano-
porous BF membrane. Thus, a well-dispersed mixture solution 
of the colloidal silica nanospheres and the photocrosslinkable 
monomer must be prepared. In this study, a sphere-shaped 
nanosilica colloidal produced by diluting tetraethyl orthosili-
cate (TEOS) into an ethanol solution was utilized for the BF 
membrane fabrication.[33] This prevented the formation of 
undesired silica colloidal sizes and improved the yields of the 
monodisperse silica spheres of homogeneous shapes and sizes 
through faster growth dynamics. The nanopore size and its dis-
tribution were determined by the colloidal silica nanospheres, 
their packing density, and uniformity; therefore, synthesizing 
a nanoscale sphere with a consistent particle size and shape is 
a critical parameter for creating a highly uniform porous mem-
brane providing a higher LC fill factor condition.

300 nm- and 500 nm-diameter monodispersed silica colloidal 
nanospheres were synthesized by adjusting the TEOS concen-
tration in a mixture of ethanol and ammonia to investigate the 
EO and the depolarization effects of the LC nanodroplet sizes 
determined by the nanoporous BF membrane. To synthesize 
the 300  nm diameter colloidal silica nanospheres, 46  mL eth-
anol (Sigma-Aldrich, Inc., ≥99.5%, analytical reagent) was 
mixed with 10 mL ammonia (Sigma-Aldrich, 13.7 m, analytical 
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reagent) in a flask. Subsequently, 1  mL diluted TEOS (Sigma-
Aldrich, Inc., 98%, analytical reagent) was added, maintaining 
the relative volume ratio of ethanol to four times with respect to 
the diluted TEOS amount under rapid stirring at 150 rpm. Next, 
the mixture was allowed to react at room temperature for 2 h. 
For the 500 nm diameter colloidal silica nanospheres, the silica 
growth reaction was performed under a 4 mL increased TEOS 
concentration condition.

To prepare the mixture solution with the colloidal silica 
nanospheres and the photocrosslinkable monomer, the col-
loidal silica nanosphere solution was rinsed and washed out six 
times in absolute ethanol to remove the unreacted TEOS and 
the ammonia solvent. This was followed by repeated centrifuga-
tion and redispersion. The purified colloidal silica nanospheres 
were recentrifuged and redispersed in ethoxylated trimethylol-
propane triacrylate (ETPTA, SR454, Sartomer), a photocurable 
monomer that acts as a polymer network in the BF mem-
brane.[34] In addition, 3 wt% of Irgacure 184 was added as a pho-
toinitiator and thoroughly mixed using a vortex mixer, which 
initiated a radical polymerization through the cross-linking of 
the monomer molecules upon UV light exposure. Importantly, 
the prepolymer selection was done based on the refractive 
index matching with the employed LC. The final mixture was 
obtained by naturally vaporizing the residual ethanol within the 
solution for 1 day under dark storage conditions. Its dispersion 
state was stable for at least a few weeks.

2.2. DBC Method for the Nanoporous BF Membrane

The highly packed colloidal silica nanosphere layer, where the 
photocrosslinkable monomers were filled between the nano-
spheres without disturbing the colloidal silica packing ordering, 
was made through the DBC technique utilizing the shear-
driven flow occurring at a tiny blade gap.[35,36] The homoge-
neous mixture solution of the colloidal silica nanospheres and 
the photocrosslinkable monomers was highly viscous, but was 
under a still diluted state, where the colloidal silica nanospheres 
were randomly dispersed within the mixture solution. How-
ever, when a sufficient shearing force was applied to the viscous 
mixture by moving the 90° doctor blade horizontally and drag-
ging the solution between the tiny blade gap (dg) (Figure 1a), 
the induced shear stress caused by the shearing force exerted 
on the colloidal mixture allowed for the fine control of the silica 
nanoparticles assembly from the prepolymer solution. The 
induced shear stress (τ) is represented as Equation (1):[36]

τ η υ υ= − =






<d
d

d
d

, ( 1)m
y

k
y

nx x

n

 (1)

where, ηm is the mixture viscosity; dvx/dy is the shear strain rate 
(vx: velocity of the substrate or blade along the shearing x direc-
tion; y: distance from the substrate); k is the material-dependent 

Figure 1. Schematic diagram of the fabrication process for the optically isotropic nanodroplet liquid crystal (OI-NDLC) mode templated by the nano-
porous breath figure (BF) polymeric membrane. a) Preparation of the highly packed nanosilica sphere layer by the doctor blade coating, where dg refers 
to the gap between the blade end and the substrate. b) ETPTA polymerization by UV irradiation. c) Etching out nanosilica spheres. d) Nanoporous BF 
polymeric membrane on the donor substrate. e) Pick-up process of the nanoporous BF membrane. f) Transfer process to the device substrate with the 
patterned ITO electrodes for in-plane-switching (IPS). g) LC filling into the nanoporous ETPTA BF membrane and the final OI-NDLC device structure.
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constant; and n represents the deviation level from a Newto-
nian fluid. As the shear rate increases, the viscosity of the silica 
colloidal–ETPTA nanocomposite dramatically drops. These 
shear-thinning effects of the shear-driven pseudoplastic flow 
can make tightly packed and well-aligned silica nanosphere 
arrays after passing through the confined area. Therefore, silica 
colloidal–ETPTA nanocomposites can be fabricated with a high 
packing density by optimizing the mixture viscosity, blade 
coating velocity, and gap between the blade and the substrate.

Figure 1 depicts a schematic diagram of the fabrication pro-
cess sequences for obtaining highly packed silica nanosphere 
arrays filled with photocrosslinkable monomers, nanoporous 
BF membranes, and in-plane-switching (IPS)-driven OI-NDLC 
mode device. The prepared mixture was placed on one sidewall 
of the 90° doctor blade. The substrate was moved horizontally 
in our experiment at a controlled speed to obtain the optimum 
thickness and packing density of the nanocomposite layer of 
the ETPTA-filled highly packed silica nanosphere array using 
the induced shearing force effect. The properties of the silica 
nanosphere membrane depending on the coating velocity and 
the blade gap condition between the blade and the substrate 
will be discussed in the next section. Figure  1b illustrates the 
photo-polymerization of the ETPTA matrix under UV irra-
diation (365 nm, 30 mW cm-2) for 20 s. During this step, the 
dense polymer network surrounding the silica nanospheres 
was formed in the inverse structure of the tightly packed 
silica nanosphere arrays. The nanoporous BF membrane was 
obtained by selectively etching out the silica nanospheres from 
the composite membrane with the aqueous hydrofluoric (HF) 
acid solution (2% volume fraction) for 30 min (Figure 1c). Sub-
sequently, the prepared nanoporous BF membrane template of 
Figure 1d was rinsed with deionized (DI) water to remove the 
residual HF acid. It was then dried in a nitrogen stream.

2.3. OI-NDLC Film Preparation by LC Filling into the  
BF Membrane

The nanoporous BF membrane was prepared on the non-
doped silicon (Si) wafer and it was picked up and transferred 
to the glass device substrate with the chevron-like interdigi-
tated indium tin oxide (ITO) electrodes prepared for the IPS 
operation of the OI-NDLC mode by the horizontal fields. 
Unlike the glass substrate that is vulnerable to the HF acid, 
the nondoped Si wafer surface is HF-resistive during the selec-
tive etching out the process of the silica nanospheres for the 
nanoporous BF membrane preparation. In addition, the very 
low surface roughness condition of the Si wafer is advanta-
geous in obtaining the highly packed silica nanosphere array 
structure by the employed DBC process. Thus, the nondoped 
Si wafer was used as the donor substrate for the nanoporous 
BF membrane preparation before transferring it to the glass 
substrate. For the transfer printing process of the nanoporous 
BF membrane shown in Figure 1e,f, the viscoelastic properties 
of the elastic polydimethylsiloxane (PDMS) stamp mold were 
utilized by controlling the pick-up and transfer-loading veloci-
ties of the elastic stamp in transfer printing process.[37] In case 
of the OI-NDLC mode, operation by using vertically switching 
electric fields is not proper because the field-induced uniaxial 

birefringence optic axis formed along the light propagation 
direction cannot vary incident polarization. Thus, the field-
induced birefringent axis needs to be formed along the hori-
zontal direction by the in-plane fields operated by the in-plane 
patterned IPS electrodes as shown in Figure 1f. The width and 
spacing of the photolithographically patterned interdigitated 
ITO electrodes were 3 and 6 μm, respectively. The angles of the 
chevron-like IPS electrode were ±45°  to the transmission axis 
of the bottom polarizer to obtain a higher light transmittance 
level with a wider viewing angle properties. Before transferring 
the nanoporous BF membrane, the planarization layer of poly-
imide (PI) was spin-coated on the ITO-patterned device sub-
strate. Due to the good insulating properties, the PI layer coated 
on the interdigitated ITO patterns can improve the voltage 
holding properties during the IPS operation by preventing the 
current leakage, inducible by the field-responsive ionic impuri-
ties within the LCs, between the common and switching pixel 
electrodes formed on the same substrate plane.[38]

Finally, a nematic LC (NLC) of MLC-6292 (ε‖ = 11.1, ε⊥ = 3.7, 
Δε = 7.4 at 1 kHz and 20 °C; ne = 1.56, no = 1.47, Δn = 0.09 at λ = 
589.3 nm and 20 °C) was filled into the nanoporous polymeric 
membrane at a temperature above the nematic–isotropic transi-
tion of MLC-6292 (TNI = 120 °C) to obtain an ideally isotropic 
NDLC phase and avoid LC ordering effects by the anisotropic 
fluid of the nematic phase. Considering the refractive index of 
the polymerized ETPTA (εp = 3; np = 1.47), the NLC was chosen 
to suppress the scattering loss induced by the refractive index 
mismatching between the LC nanodomains and the polymeric 
backbone structure. Importantly, the flow viscosity level of the 
NLC was also considered for an efficient capillary filling of 
the NLC through the nanoporous polymeric membrane net-
work. The flow viscosity coefficient (28 mm2 s-1 at 20 °C) of 
the MLC-6292 was sufficiently low, even for the 300 nm sized 
pores of the BF membrane. Compared to the room tempera-
ture, the elevated temperature condition over TNI employed for 
the LC filling procedure might help in achieving an efficient 
LC infiltration through the nanoporous membrane at a lower-
LC viscosity condition than that at room temperature. Figure 1g 
depicts the final structure of the OI-NDLC mode templated by 
the nanoporous BF membrane, where the transmission axis of 
the top analyzer was set to be orthogonal to that of the bottom 
polarizer.

2.4. Methods of the Electro-Optic Kerr and  
Depolarization Effects

To evaluate the EO characteristics from the measurements 
for display applications, the achievable maximum light trans-
mittance level of the OI-NDLC mode was analyzed as follows 
considering the device structure and assuming that the depo-
larization effects are negligible:

sin 2 sinLC
2 2 effT

n dψ π
λ

= ∆



  (2)

1
2

ar LCT T T= ×  (3)
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where ψ is the relative angle between the incident light polari-
zation axis and the field-induced LC director orientation; Δneff 
is the effective field-induced birefringence of the LC; d is the 
cell thickness; λ is the incident light wavelength; TLC is the 
transmittance factor caused by the field-induced in-plane 
retardation of the OI-NDLC layer; and Tar is the transmittance 
loss factor represented as the effective pixel aperture ratio. In 
our experiment, ψ is ±45°,  as explained in Figure  1f. The TLC 
level was determined by the field-induced retardation amount 
of the OI-NDLC layer. The in-plane electric fields were effec-
tively applied at the regions between the interdigitated IPS 
electrodes; hence, the NDLC layer on the patterned ITO elec-
trodes remained in the optically isotropic state, irrespective of 
the applied voltage levels as shown in Figure S1 (Supporting 
Information). Thus, the incident beams traveling these regions 
were blocked under the crossed polarizers. Considering the 
photolithographically patterned IPS ITO structure in our 
experiment, the Tar level was less than 67% and can be further 
improved by employing finer IPS electrode patterns. Consid-
ering current industry manufacturing levels, the ITO pattern 
width for the IPS operation can be reduced to 2 μm, which 
corresponds to the improved Tar level of 75% from 67% in our 
experiment for a higher transmittance of the OI-NDLC mode. 
In the OI-NDLC phase comprising randomly oriented NDLC 
encapsulated by the nanoporous membrane, the field-induced 
birefringence can be explained by the Kerr effect showing the 
quadratic relationship between the applied electric field (E) and 
the Δneff amount:[39,40]

eff Kerr
2n K Eλ∆ =  (4)

1 expeff s
s

2

n n
E

E
∆ = ∆ − −




























 (5)

where KKerr (m V-2) is the Kerr constant, Δns is the saturated 
birefringence and Es is the saturated applied electric field. The 
Δneff equals to Δns as the E reaches Es. A field-induced ordering 
of the polar molecules in the optically isotropic medium causes 
the Kerr effect. Figure 2 shows the schematic of the LC mol-
ecule orientations under the nanodispersed LC droplet states 
templated by the nanoporous BF membrane plotted according 
to the applied field conditions. As shown in Equations (2)–(5), 
in the absence of the applied field, an ideal dark state is achiev-
able, irrespective of the incident angle and the cell gap varia-
tion, which are the most desirable features of the OI-NDLC 
mode for flexible display applications. The total transmittance 
level gradually increased with the increasing applied in-plane 
fields due to the field-induced Kerr effects of Δneff. However, 
as shown in Figure  2b and Figure S2a (Supporting Informa-
tion), the effective in-plane field amounts between the inter-
digitated ITO electrodes patterned at the bottom substrate 
gradually decreased towards the top surface of the OI-NDLC 
layer and far from the underlying substrate. The average elec-
tric field amount of E was lower than the electric field near the 
bottom substrate (Figure S2a, (Supporting Information)); thus, 
the field-induced NDLC Kerr effects of Δneff near the bottom 
substrate became saturated first as the achievable maximum 

amount of Δns. The effective field-induced Δneff amount also 
gradually decreased as it approached the top substrate. For a 
higher light transmittance, the retardation achievable by the 
field-induced Δneff and the device condition of the cell gap (d) 
must meet the half retarder condition. To reduce the operation 
voltage, the development of a higher Kerr constant is essentially 
required in the material aspect of the OI-NDLC phase, and the 
adoption of a finer interdigitated electrode spacing is desirable 
in the device structure.

The scattering loss and consequent depolarization effects of 
the OI-NDLC phase must be analyzed to more precisely charac-
terize the achievable darkest and brightest levels of the OI-NDLC 
mode. During the beam propagation through the OI-NDLC cell 
layer, the ray scattering accompanying the depolarization effects 
can induce the light leakage for the darkest state under the on- 
and off-axis viewing conditions and those effects also result in 
an actual transmittance level for the brightest state that would 
be lower than the ideal T value in Equation (3). Consequently, 
the CR level of the OI-NDLC mode might degrade, which is an 
undesirable effect that needs to be avoided in the perspective of 
practical display applications. The scattering-induced beam pat-
terns and their degree-of-polarization (DOP) maps were meas-
ured by using the imaging polarimetry optics to analyze the 
depolarization effect of our OI-NDLC devices.[41]

Figure 3 depicts the experimental setup for characterizing 
the scattering-induced depolarization effects of the prepared OI-
NDLC cells according to the LC nanodroplet size variation. A nor-
mally incident linearly polarized He–Ne laser (at λ = 632.8 nm) 

Figure 2. Schematic diagram of the LC molecule orientation in the dis-
persed LC nanodroplets templated by the nanoporous BF membrane 
depending on the electric field condition: a) optically isotropic nanoen-
capsulated LC state at the field-off condition and b) field-induced ani-
sotropic Kerr LC cell state at the field-on condition. VCOM and VPIXEL are 
the IPS electrodes for the IPS operation, where VCOM denotes common 
electrodes; VPIXEL represents pixel electrodes; and Vac is applied voltage.
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was used as a light source in the imaging polarimetry measure-
ment. In sequence, the incident laser beam passed through the 
polarizer set at 0° transmission axis, the prepared OI-NDLC cells 
templated by the BF membrane with different LC droplet sizes, 
the rotatable λ/4 retarder, and the analyzer (90° transmission 
axis). The polarization states after passing through the OI-NDLC 
samples were modulated by rotating the λ/4 waveplate with the 
four steps (i.e., φi = -45°, 0°, 30°, and 60°). The final transmitted 
light was displayed onto the semitransparent screen. Scattered 
intensity beam patterns were acquired by the CCD through 
an objective lens while varying the φi conditions of the quarter 
waveplate (Figure  3). From the gray intensity maps (Ii(x,y); i  = 
1, 2, 3, and 4) obtained at four different φi conditions, the DOP 
state distribution of the DOP(x,y) right after the OI-NDLC cells 
can be analyzed using the Stokes vectors, SOUT(x,y) through a 4 × 
4 Muller matrix (Equations 6–8):[30,42]
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where, the 4 × 4 Muller matrix of MPSA was experimentally 
obtained as follows:
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Finally, the DOP(x,y) map according to the scattering-
induced depolarization effects by the LC nanodroplet conditions 
was obtained as follows using the positional Stokes parameters 
derived from Equation (6) and (7):[43]

DOP( , ) ,(0 DOP 1)
1

2
2

2
3

2 1/2

0

x y
S S S

S

( )
=

+ +
≤ ≤  (8)

The DOP values of 0 and 1 indicate the completely 
depolarized (i.e., nonpolarized) and perfectly polarized lights, 

respectively. The DOP value between 0 and 1 represents the 
transmitted beams becoming the partially polarized state from 
the initially perfect polarization after passing through the OI-
NDLC cells. If the depolarization effects by the OI-NDLC cells 
are negligible, the polarization state might be changed by the 
field-induced Kerr effects from the linear polarization of the ini-
tial state; however, the DOP level (≈1) remains unperturbed by 
the distributed LC nanodroplets.

3. Results and Discussion

3.1. Synthesized Colloidal Silica Nanospheres 
with Difference Sizes

The synthesis process of the colloidal silica nanospheres of two 
different sizes (DLC) (i.e., 300   and 500 nm) was performed in 
our experiments to investigate the effects of the EO properties 
of the OI-NDLC phase according to the size of the LC droplets 
infiltrated within the nanoporous BF membrane. As shown by 
the scanning electron microscopy (SEM) images in Figure 4a,b, 
the monodisperse states of the sphere-shaped silica nanopar-
ticles could be obtained well for both diameter conditions by 
controlling the relative volume ratio of the TEOS and ethanol 
during the colloidal silica synthesis reaction. With the solvent-
vaporized state, the SEM images showed densely packed silica 
nanosphere arrangements with a high uniformity of the silica 
diameters.

3.2. DBC Control for the Nanoporous BF Membrane

Our ultimate goal is to make an OI-NDLC phase for better EO 
properties. Accordingly, the thickness and the distribution uni-
formity of the nanoporous polymer membrane and the high 
filling factors (packing density) of the NDLC must be achieved 
for superior EO properties. Especially for the higher light effi-
ciency of the OI-NDLC mode as the display applications, these 
features must be met at a sufficiently thick nanoporous mem-
brane condition as required for the field-induced Kerr cell of 
the λ/2 retardation. In the DBC method, the film thickness and 
the fill factor of the nanopores within the BF membrane are 
highly dependent on the coating conditions, such as the gap 
between the blade and the substrate and the coating velocity. 

Figure 3. Experimental optical setup for characterizing the degree of polarization levels induced by light scattering and depolarization effects of the 
optically isotropic nanodroplet liquid crystal phases according to the BF membrane preparation conditions.
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For the mixture solution of the synthesized silica nanospheres 
and the UV-crosslinkable ETPTA, the coating conditions were 
optimized to improve the OI-NDLC mode in our experiment.

3.2.1. Thickness and Packing Density Control with the Gap between 
the Blade and the Substrate

Under the fixed coating speed condition of 4 μm s-1, the achiev-
able thickness condition after the DBC preparation of the 
silica–ETPTA nanocomposites was first investigated by varying 
the blade gap (dg). In Figure 5, the average thickness of the 

silica–ETPTA nanocomposite film obtained by the DBC method 
increased as the blade gap condition decreased because of the 
enhanced flow of the silica–ETPTA nanocomposite mixture at a 
narrower blade gap caused by the shearing force, where the suf-
ficiently thick silica–ETPTA nanocomposite layer was achiev-
able at the blade gap condition of dg ≤ 2 μm. The smaller gap 
between the blade and the substrate provided favorable condi-
tions for controlling the selective flow and the subsequent self-
packing of the silica nanoparticles (Figure  5). As a result, the 
film uniformity along the membrane thickness improved much 
as the blade gap condition decreased within our experimental 
regime. In the other aspects of the packing density of the silica 
nanospheres, the silica nanospheres encapsulated by the UV-
crosslinked ETPTA matrix obtained at the dg = 1 μm condition 
also showed the most tightly packed structure (Figure 5a–d).

3.2.2. Thickness and Packing Density Control with the  
Coating Velocity

Based on previous discussions on the shearing force effects 
of the blade gap condition on the silica–ETPTA nanocom-
posite layer properties, the coating velocity effects during the 
DBC procedure were investigated herein under the fixed con-
dition of dg  = 1 μm (Figures 6 and  7). The coating thickness 
of the silica–ETPTA nanocomposite layer exhibited a large 
variation according to the coating velocity, where the film thick-
ness increased as the coating velocity decreased. The average 
film thicknesses of d  ≈ 10.5 and 0.4 μm were obtained at the 
coating velocities of 2 and 8 μm s-1, respectively. Figure 8  
presents the shear-induced flow velocity profiles below the 
doctor blade according to the blade moving velocity as a 
schematic diagram depicted in terms of the pressure force–
viscous force ratio (Π).[44,45] When the blade speed was too 
fast, the viscous force was dominant over the pressure force 
(Π << 1 regime in Figure 8a), and a thinner coating layer was 
obtainable(Figures  6d and  7). In our experiment, the average 
film thickness of the silica-–ETPTA nanocomposite layer was 
even thinner than the blade gap of dg at the 8 μm s-1 coating 
velocity. On the contrary, at the Π >> 1 regime obtainable when 
the blade speed was too slow, the pressure force by the coating 
blade became dominant over the viscous force, and a film 
thicker than the blade gap can be achieved (Figure  8b). The 
experimental results in Figures 6 and 7 show the same tenden-
cies of the coated silica–ETPTA nanocomposite layer becoming 
thicker as the coating velocity became slower. However, as 
shown in the cross-sectional SEM image in Figure 6a obtained 
at the 2 μm s-1 coating velocity, the loosely packed nanosphere 
structure was obtained after blade coating when the hydro-
static pressure became the dominant flow mechanism at the 
blade gap. To obtain the highly packed nanosphere structure by 
minimizing the ETPTA encapsulating matrix and by achieving 
a sufficiently thick layer, the balancing condition between the 
pressure and viscous forces must be searched for during the 
shearing force-induced blade coating. Considering the film 
properties of the coated silica–ETPTA nanocomposite (e.g., 
achievable thickness and its uniformity and nanosilica packing 
density), the blade coating velocity of 4 μm s-1 was chosen at 
dg = 1 μm in our experiment.

Figure 4. Scanning electron microscopy (SEM) images of the synthesized 
silica colloidal spheres with a) 300  nm and b) 500  nm of the average 
diameters (DLC). The insets show the magnified SEM images for each 
case.

Figure 5. Cross-sectional SEM images of the silica–ETPTA nanocom-
posite layers (Dsilica  ≈ 300  nm) prepared by the doctor blade coating 
(DBC) method, where the DBC condition of dg is controlled by a) 1 μm, 
b) 2 μm, c) 4 μm, and d) 6 μm. d represents the average film thickness. 
e) Thickness of the coated colloidal particle–ETPTA nanocomposite layer 
depending on the dg conditions.
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3.2.3. Nanoporous BF Membrane Template for the  
OI-NDLC Mode

Figure 9 shows the cross-section SEM images of the nanopo-
rous BF membrane obtained after the selective etching out of 
the silica nanospheres from the silica–ETPTA nanocomposite 
layer (Dsilica ≈ 300 nm) obtained using the DBC method. After 
the selective silica etching with the aqueous solution of HF 

acid, the UV-crosslinked ETPTA polymeric matrix showed 
highly porous honeycomb networks, which had a 3D inverse 
structure of the densely packed silica nanosphere arrangement 
before etching. The cross-sectional SEM image of Figure  9a 
shows that the nanohole arrangement of the nanoporous BF 
membrane has a well-aligned hexagonal packing structure 
though it can be observed somewhat differently depending 
on the sampled cross-sectional view. The hexagonal arrange-
ment of the nanoholes of the BF membrane can also be con-
firmed from the enlarged SEM image of Figure 9b, where the 
triangular-arranged holes formed for the cross-connections 
between the hexagonally arranged layers are clearly observ-
able within the dotted circle. When we estimated the average 
distance between the nanohole centers of the nanoporous BF 
membrane after sampling out the SEM image area where the 
hexagonal nanohole arrangements are properly observed, the 
average nanohole period was about 317.4 nm with the standard 
deviation of ±2.7  nm.  This estimation corresponded to the 
66.1% of the volume fraction of the nanopore regions and only 
33.9% of the volume was filled by the ETPTA networks. With 
the proposed method, the LC volume fill factor of approxi-
mately 66.1% by the LC nanodroplets was achievable. When 
we re-estimated the 2D LC fill factor by following the previous 
reports, the LC volume fill factor of 66.1% corresponded to the 
2D LC fill factor of 58% in our work, which was significantly 
higher than the previously reported achievements (<48% in the 
2D LC fill factor) of the OI-NDLCs obtained through the con-
ventional PIPS methods.[46–48]

Figure 6. Cross-sectional SEM images of the silica–ETPTA nanocomposite layers (Dsilica ≈ 300 nm), where the DBC condition of the coating velocity is 
controlled by a) 2 μm s-1, b) 4 μm s-1, c) 6 μm s-1, and d) 8 μm s-1. d represents the average film thickness. The insets show a magnified silica–ETPTA 
nanocomposite.

Figure 7. Thickness (d) of the DBC-prepared colloidal nanoparticle–
ETPTA nanocomposite layers depending on the coating velocity.
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3.3. EO Properties and Depolarization Effects Depending on the 
LC Droplet Sizes of the OI-NDLC

For the nanoporous BF membranes transferred to the device 
substrates with the patterned IPS ITO electrodes, the NLC of 
MLC-6292 was infiltrated into the nanopores, as explained in 
Section 2.3. In terms of the LC nanodroplet diameters (DLC ≈ 300  
and 500  nm), two types of OI-NDLC cells were prepared by 
utilizing the self-packing effects of the DBC method. Before 
characterizing the EO properties of the OI-NDLC cells, the scat-
tering-induced depolarization levels of the OI-NDLC cells ini-
tially at the field-off state were evaluated for both samples with 
the 300 nm and 500 nm LC nanodroplets by using the imaging 
polarimetry measurement shown in Figure 3. Figure 10a shows 
the four CCD image sets of the scattered intensity beam pat-
terns projected onto the semitransparent screen with varying φi 
conditions of the quarter waveplate. For the same sample, the 
scattered intensity beam patterns acquired after the analyzer 
were changed depending on the φi condition. The DOP(x,y) 
maps in Figure 10b were extracted from the image sets of the 
two types of OI-NDLC cells using Equations (6)–(8). The bright 
centered spot was associated with the light transmitted without 
scattering; hence, we evaluated the DOP levels, except for the 
center regions, for comparative studies on the depolarization 
effects of the scattering-induced off-axis rays according to the 
DLC conditions. The DOP(x,y) gray maps in Figure 10b clearly 
indicate that the depolarization effects by the scattered off-axis 
rays were weaker in the OI-NDLC sample with DLC ≈ 300 nm 
than that with DLC ≈ 500 nm. In the scattered beam intensity 
patterns shown in Figure  10a, the spatially fourfold symmetry 
is observable because the light transmittances by the scattering-
induced off-axis rays are higher along the transmission axis 

directions of the crossed polarizers (0° and 90° in our imaging 
polarimetry measurement shown in Figure 3). Because of the 
stronger off-axis ray scattering at the increased LC nanodroplet 
condition, this fourfold symmetry intensity pattern is more 
enhanced in the OI-NDLC sample with DLC ≈ 500 nm than that 
with DLC ≈ 300 nm. However, the final DOP maps showed the 
angular symmetric distribution of the depolarization levels for 
both samples as shown in Figure  10b, which means that the 
DOP analysis extracted from the four sets of the measurements 
correctly results in the scattering-induced depolarization effects 
according to the LC nanodroplet size condition while excluding 
the spatially nonuniform scattering-induced intensity profile 
effects. A quantitative comparison of the spatial average DOP 
values from the DOP(x,y) maps showed that the DOP levels for 
the OI-NDLC samples with the nanodroplet sizes of 300 and 
500 nm were 0.85 and 0.80, respectively, showing that the DOP 
level improved as the LC nanodroplet size decreased. The high 
DOP levels can also be attributed to our material selection con-
sidering the refractive indices of the employed NLC and the 
polymer matrix for a lower refractive index mismatching.
Figure 11 shows the IPS-driven LC textures of the two types 

of OI-NDLC samples. The polarizing optical microscopy (POM) 
images obtained under the field-off and -on conditions for the 
dark and bright states of the operation modes, respectively, depict 
that the DLC conditions highly affect the transmittance levels for 
both operation modes. In Figure 11, Vmax represents the applying 
voltage levels required for the maximum transmittances (i.e., for 
the brightest states) for each sample, as shown in the voltage–
transmittance (V–T) curve sets in Figure 12a. In the field-off state, 
the OI-NDLC sample with DLC ≈ 300 nm exhibited a completely 
dark state. In contrast, a light leakage was observable in the case 
of DLC ≈ 500 nm. In the case of the brightest states by applying 
fields, the OI-NDLC sample prepared with the smaller DLC condi-
tion of ≈300 nm was brighter than that of DLC ≈ 500 nm.

The quantitative comparisons of the EO properties of the 
two samples can be provided by the V–T curves shown in 
Figure 12a. In the field-off state, the light leakage levels (Toff) 
of the OI-NDLC samples were Toff = 0.05% and 0.16% for the 
DLC ≈ 300 nm and ≈ 500 nm conditions, respectively, showing 
an improvement compared to those prepared by the conven-
tional PIPS nano-PDLCs.[49–51] This corresponded to the dark 
state enhancement effect of the light leakage reduction of 
68% in the OI-NDLC sample with DLC  ≈ 300  nm compared 
to DLC ≈ 500 nm. The drastic improvement of the dark state 

Figure 8. Schematics of the DBC mechanisms depending on Π that is the relative ratio between the pressure force and viscous force: a) Π  << 1 and 
b) Π >> 1, which correspond to the thinner and thicker highly packed nanosilica layers obtainable at faster and slower doctor blade moving velocity 
conditions, respectively.

Figure 9. SEM images of the nanoporous BF membrane after selectively 
etching out the highly packed silica nanospheres from the silica–ETPTA 
nanocomposite layers (Dsilica  ≈ 300  nm) prepared through the DBC 
method. b) is the enlarged image of a).
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is attributed to the reduced light scattering and depolariza-
tion effect under the decreased DLC condition. The results 
showed that the DLC condition significantly affected the 
scattering-induced dark state. The dark state obtained in the 
OI-NDLC sample with DLC  ≈ 300  nm could be maintained, 
irrespective of the viewing direction, due to the optically iso-
tropic nature in the field-off state in contrast to most of the 
LC modes exhibiting the optically anisotropic phase in the 
field-off state. Compared with twisted nematic (TN) LC modes 
requiring complex and expensive compensation films,[52–54] 
IPS LC modes utilizing field-induced LC director switching 
along the horizontal directions are known to be advantageous 
in obtaining symmetric and wide viewing angle characteris-
tics. But, because of the optical uniaxial property, the small 
angle of the surface pretilt of the LC alignment layer can 
asymmetrically distort the off-state viewing angle property 
with degrading the CR symmetry even in the IPS LC modes, 
which should be resolved.[55–58] Whereas, the presented 
OI-NDLC mode can exhibit superior and symmetric wide 
viewing angle properties because the retardation-induced 
polarization change, as shown in Equations (2) and (4), does 
not occur irrespective of viewing directions at the field-off 
optically isotropic state.[14,15]

In the field-on state, the Vmax condition for the max-
imum bright levels was higher in the OI-NDLC mode with 
DLC ≈ 300 nm (i.e., Vmax ≈ 142.5 and 120.0 V for the DLC ≈ 300 
and 500 nm conditions, respectively). Like in the conventional 
PDLCs made by the PIPS methods, the LC molecules near the 
polymer matrix were relatively hard to reorient in response 
to an applied field because of surface anchoring effects. The 
relatively increased condition of the surface-to-volume ratio 
at the reduced DLC condition decreased the Δneff amount in 
Equations (4) and (5). This corresponded to the Kerr constant 
evaluation results for the two types of the OI-NDLC samples. 
Figure 12b shows the IPS field-induced Δneff plotted against the 
squared electric field (E2), which were obtained from the nor-
malized V–T curves in Figure 12a. In evaluating the Kerr con-
stants, the average values of the horizontal fields, obtained by 
the numerical simulations (Tech-wiz LCD 3D, Sanayi System, 
Co., Ltd., South Korea), were used according to the applied volt-
ages for considering the gradually decreasing behaviors of the 
depth field profiles from the bottom to top surfaces (Figure S2, 
Supporting Information). As the dielectric constant condition 
of the OI-NDLC layer for the simulation, the average value of 
εavg = 5.15 was assumed by considering the dielectric constants 
of the NLC and ETPTA polymer, and their volume fractions. 

Figure 10. Analysis on the DOP and depolarization effects performed by the scheme of Figure 3. a) Transmission beam profiles of the OI-NDLC devices 
measured by rotating the retardation axis of the φi condition for the samples templated with different nanosilica sizes (DLC). b) DOP(x,y) maps analyzed 
by Equations (6) to (8) from the φi-dependent transmitted beam profiles. For two samples, the average DOP levels are compared with each other, 
except for the yellow-circled image center areas, to analyze the depolarization effects of the scattering-induced off-axis rays and avoid the quantitative 
DOP evaluation errors induced by the beam saturation of the on-axis optical rays.
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The Kerr constants of the OI-NDLC samples obtained by linear 
fitting were 5.75 × 10-9 and 9.15 × 10-9 m V-2 for the DLC  ≈ 
300  nm and ≈500  nm conditions, respectively; thus, the Kerr 
constant of the OI-NDLC mode with DLC ≈ 300 nm was slightly 
lower than that of DLC ≈ 500 nm. However, in both sample con-
ditions, the achieved Kerr constants were competitive values 
compared with those of the other OI systems due to the high 
LC fill factor available with the NDLC preparation templated by 
the nanoporous membrane.[13,18,59,60] This was about 2600 times 
higher than that of nitrobenzene (KKerr  ≈ 2.2 × 10-12 m V-2)  
known as a high-Kerr optical material. However, the operating 
voltage levels presented in this work were still higher than the 
conventional TN or IPS LC modes. To further improve the 
operation voltage level, the material condition for a higher Kerr 
constant needs to be improved even though the Kerr constant 
of the OI-NDLC mode was much improved by increasing the 
LC volume fraction with the presented BF membrane template 
approach. As shown in Equation (5) with the saturated birefrin-
gence of Δns, the Kerr constant can be improved by adopting an 
LC with a higher Δn. In our experiment, LC with Δn = 0.09 was 
employed. Recently, an LC with Δn ≈ 0.4 has been reported.[61] 
As an alternative approach at the same LC condition, the Kerr 
constant can be effectively improved by increasing the dielectric 
constant of the LC-encapsulating polymeric layer for enhancing 
the effective fields applied to the LC nanodroplets.[15] By 
adopting the high K nanoparticle–polymer composite material, 

we have successfully shown that the operating voltage levels 
can be effectively reduced.[15]

When we compared the maximum transmittance levels 
(Ton) between the two samples (Figure  12d), the improvement 
effects caused by the reduced depolarization through the adop-
tion of the decreased DLC condition of 300 nm were lower than 
the light leakage improvement (Ton = 10.68% and 9.04% for the 
DLC ≈ 300 nm and ≈500 nm conditions, respectively). The Ton 
level of the OI-NDLC sample with DLC ≈ 300 nm was improved 
by 18% compared to that of DLC  ≈ 500  nm. In contrast to the 
field-off state, where the scattered depolarized rays degraded the 
dark level as the light leakage transmitting through the analyzer 
increased, the transmittance level by the induced Kerr effects 
of the polarized beams decreased as the depolarization effects 
increased, whereas that of the nonpolarized beam increased 
under the partially polarized condition.[15] In the case of the 
field-off state, the effective optic axis orientation of the LC nano-
droplets was randomly distributed, but the LC molecules were 
realigned along the in-plane field direction in the field-on state. 
Under the field-induced optic axis alignment condition of the 
LC nanodroplets, the beam scattering for the extraordinary rays 
became higher due to the field-induced increased index mis-
matching condition between the ne of the NLC and the np of the 
polymer matrix, which is attributed to the reduced improved 
effects of the Ton levels compared with the Toff improvement. 
However, due to the positive improvement effects of the Ton 
and Toff levels after the reduced DLC condition adoption, the CR 
(Ton/Toff) level of the OI-NDLC mode with DLC ≈ 300 nm could 
be significantly improved by 278% compared to that of the 
mode with DLC ≈ 500 nm: CR ≈ 208.6:1 and 56.1:1 for the DLC ≈ 
300  nm and 500  nm conditions, respectively. The achievable 
CR level is one of the most important characterization factors 
determining the image visibility of the display panel. The CR 
level achieved by the OI-NDLC mode templated by the nano-
porous BF membrane was quite higher than those obtained 
by the conventional PIPS approaches.[49–51] With the presented 
fabrication scheme that can provide the high fill factor of the 
LC nano droplet dispersions by utilizing the reliable self-packing 
effects of the nanospheres, the CR level is expected to be more 
improved by the further suppression of the light scattering 
effects with the introduction of the reduced diameters of the 
nanoparticles in the nanoporous BF membrane preparation.

4. Conclusion

In this study, we demonstrated a self-structured printing 
approach for the OI-NDLC device based on the nanoporous BF 
membrane template using the DBC technique that provides 
uniformly packed dense nanosized LC droplets, at which the 
LCs are encapsulated by the UV-crosslinked polymer network 
with a high LC fill factor of approximately 66.1%, resulting 
in a high Kerr constant of 5.75 × 10-9 m V-2. This technique 
allowed the OI-NDLC phase to achieve superior EO properties, 
including an excellently low light leakage level of 0.05% and a 
CR level of 208.6:1, due to the sufficiently suppressed depolari-
zation effect at the much-reduced LC nanodroplet size of 300 
that is templated by self-packed silica nanospheres. Comparing 
the CR properties of the OI-NDLC sample prepared with the 

Figure 11. Polarizing optical microscopy images of the OI-NDLC mode 
cells templated by different nanosilica spheres of a) DLC ≈ 300 nm and  
b) DLC  ≈ 500  nm. The first and second images in each figure set are 
the POM LC textures at the field-off and field-on states, respectively, 
measured under the condition of the crossed polarizers. P and A cor-
respond to the transmission axis of the bottom polarizer and the top 
analyzer, respectively. The POM images for the bright state are obtained 
by applying Vmax that corresponds to the voltage level required for the 
maximum transmittance level in each cell.
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DLC  ≈ 300  nm condition with that of the DLC  ≈ 500  nm, the 
achievable CR level can be improved by 278%. The presented 
DBC technique of utilizing the self-structured nanoporous BF 
membrane that can reliably provide the OI-NDLC phase in a 
large-area scalable approach is a promising tool for high-yield 
and high-performance OI-NDLC mode preparation among sev-
eral OI-NDLC phase techniques.
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